Cyclooxygenase type 1 is constitutively expressed and accounts for synthesis of prostaglandins in the normal gastrointestinal tract. Cyclooxygenase-2 is expressed at sites of inflammation. Selective inhibitors of cyclooxygenase-2 have been suggested to spare gastrointestinal prostaglandin synthesis, and therefore lack the ulcerogenic effects associated with standard nonsteroidal antiinflammatory drugs. However, the effects of cyclooxygenase-2 inhibitors on inflamed gastrointestinal mucosa have not been examined. We examined cyclooxygenase-2 mRNA and protein expression before and after induction of colitis in the rat, the contribution of cyclooxygenase-2 to colonic prostaglandin synthesis during colitis and the effects of selective inhibitors of cyclooxygenase-2 on colonic injury in this model. Cyclooxygenase-2 mRNA expression increased three to sixfold during the period 24 h to 1 wk after induction of colitis, with marked increases in cyclooxygenase-2 protein expression in the lamina propria and muscularis of the colon during colitis. 
Introduction
The ability of nonsteroidal antiinflammatory drugs (NSAIDs) 1 to cause gastroduodenal ulceration and to promote the bleeding of preexisting ulcers is well established (1) . At least in the case of gastric ulceration, there is very convincing evidence that this action of NSAIDs is directly linked to their ability to suppress prostaglandin synthesis, by inhibiting the activity of the enzyme cyclooxygenase (COX). The discovery of two distinct isoforms of COX, one of which is constitutively expressed in the gastrointestinal tract (COX-1) and one that is induced at sites of inflammation (COX-2), has led to the proposal that selective inhibitors of COX-2 will spare gastrointestinal prostaglandin synthesis, and therefore also spare the gastrointestinal tract of damage (2-7). As these compounds would inhibit prostaglandin synthesis at sites of inflammation, they would be effective as antiinflammatory drugs (2) (3) (4) (5) (6) (7) . The vast majority of NSAIDs presently marketed show greater selectivity for COX-1 than COX-2 (3, 4) . Thus, at concentrations that are required to inhibit prostaglandin synthesis at sites of inflammation (i.e., COX-2 activity), marked suppression of prostaglandin synthesis in the gastrointestinal tract (i.e., COX-1) occurs.
There are now considerable data from experimental models supporting the concept that selective COX-2 inhibitors spare the gastrointestinal tract. These agents have been shown to be effective in reducing inflammation and pain while causing significantly less gastrointestinal damage than standard NSAIDs (6) (7) (8) . Moreover, some NSAIDs (e.g., nabumetone and etodolac) that have been introduced over the past decade and have been shown to produce lower rates of gastrointestinal ulceration than more established NSAIDs (9, 10) have subsequently been shown to exert some degree of selectivity for COX-2 over COX-1 (2, 11) . Whether or not this selectivity for COX-2 accounts for the lower ulcerogenicity of these compounds has not yet been established.
Despite the evidence supporting the hypothesis that selective COX-2 inhibitors will be gastrointestinal sparing, there remains a concern that, in situations in which the mucosa is inflamed, COX-2 is likely to be expressed and might be responsible for producing the prostaglandins that contribute to ulcer healing and downregulation of the inflammatory response. Ulcers in the gastrointestinal tract, including those associated with Helicobacter pylori infection and inflammatory bowel disease (IBD), are associated with mucosal inflammation. NSAIDs can delay peptic ulcer healing and can exacerbate IBD (1, 12, 13) . It is possible that these effects of NSAIDs are attributable to suppression of the production of prostaglandins from COX-2. If so, selective COX-2 inhibitors might exert detrimental effects in circumstances in which the gastrointestinal mucosa is inflamed. The extent to which COX-2 contributes to colonic prostaglandin synthesis in IBD or in experimental models of colitis has not yet been reported.
We have previously used a rat model of colitis to examine the mechanism underlying the exacerbation of IBD by NSAIDs (14) . In these animals, NSAIDs were found to significantly increase colonic damage, in many cases leading to perforation of the colon and death. The exacerbation of colitis ap-peared to be related to the ability of the NSAIDs to suppress colonic prostaglandin synthesis (14) . In the present study, we have used this model to determine if COX-2 expression (protein and mRNA) is altered in the inflamed colon, to determine the contribution of COX-2 to colonic prostaglandin synthesis before and after induction of colitis, and to determine if selective inhibitors of COX-2 would cause exacerbation of inflammation-associated colonic injury, as is seen with standard NSAIDs.
Methods
Animals. Male Wistar rats weighing 200-225 g were obtained from Charles River Breeding Farms, Ltd. (Montreal, QC, Canada) and were housed in plastic cages. The rats had free access to water and standard pelleted laboratory chow throughout the study. All experimental protocols described in this report were approved by the Animal Care Committee of the University of Calgary in accordance with the guidelines of the Canadian Council on Animal Care.
Induction of colitis and treatment protocol. Colitis was induced by intracolonic instillation of the hapten trinitrobenzene sulfonic acid (TNBS, 60 mg/ml) in a vehicle of 50% ethanol (0.5 ml), as described in detail previously (14, 15) .
The rats were treated orally, beginning 3 h before induction of colitis and continuing every 12 h thereafter for up to 7 d, with one of the following drugs suspended in a vehicle of 0.5% carboxymethylcellose (or the vehicle alone): diclofenac (10 mg/kg), naproxen (5 mg/kg), nabumetone (25 or 75 mg/kg), etodolac (10 or 50 mg/kg), or L745,337 (1 or 5 mg/kg). Diclofenac, naproxen, and aspirin are commonly used NSAIDs that inhibit both COX-1 and COX-2 (3, 4, 11). Nabumetone and etodolac are moderately selective inhibitors of COX-2 over COX-1 (7 and 10 times, respectively) (3, 11) . L745,337 is a highly selective inhibitor of COX-2, being ‫ف‬ 400 ϫ more active on this isoform than on COX-1 (7). The doses of each test drug used were selected because they have been shown to exert significant antiinflammatory effects in the carrageenan-induced paw edema model (7, 16, 17) . At the dose used, diclofenac has been shown to cause small intestinal damage in the rat (18) , but the other test drugs do not cause significant small intestinal injury (16, 19) . Each treatment group consisted of at least 10 rats, with the exception of the group treated with the 1 mg/kg dose of L745,337, which consisted of 5 rats.
Rats were monitored at least twice a day throughout the 7-d dosing period and for a further 7 d thereafter. When deaths occurred, necropsy was performed as soon afterwards as possible. Rats that survived until the end of the study period were killed and the distal 10 cm of colon was removed and pinned out on a wax block for assessment of the severity of damage, as described previously (20) . The presence or absence of diarrhea and adhesion between the colon and other organs were noted, and the severity of colonic ulceration was scored using the criteria outlined in Table I . The maximum thickness of the wall of the distal colon (in millimeters) was measured using calipers. A global colonic damage score was calculated that included the score of ulceration, maximal wall thickness, and the presence of diarrhea and adhesions.
A separate series of studies was performed to determine the ability of a number of test drugs to influence the severity of colonic damage and granulocyte infiltration, as measured by tissue myeloperoxidase (MPO) activity. Groups of five rats each were treated orally with vehicle, diclofenac (10 mg/kg), L745,337 (5 mg/kg), or nabumetone (75 mg/kg) 3 h before receiving TNBS intracolonically. The drugs were given thereafter at 12 h intervals for 3 d (i.e., total of seven doses of the drugs were given), and the rats were killed 12 h after the final dose. A blood sample was drawn from a tail vein for determination of hematocrit. The rat was then killed by cervical dislocation, the colon was excised, and the severity of colonic damage was scored, as described above, by an observer unaware of the treatment the rats had received. A sample ( ‫ف‬ 200 mg) of distal colon was excised and immediately frozen on dry ice for subsequent measurement of MPO activity (20) . The remaining tissue was fixed in neutral buffered formalin. A 1-cm section of colon from each rat was processed by routine techniques for light microscopy. The slides were coded to avoid observer bias. The percentage of each section exhibiting ulceration was then determined.
Eicosanoid measurement. Groups of five rats each were given TNBS, as described above, to induce colitis. 72 h later, the rats were orally treated with vehicle, diclofenac (10 mg/kg) or L745,337 (1 or 5 mg/kg). 2 h later, the rats were anesthetized with sodium pentobar- The maximal bowel wall thickness ( x ), in millimeters, was added to the above score. x Total score bital (60 mg/kg i.p.) and in vivo colonic dialysis was performed, as described previously (20) . 1 h after inserting a dialysis tube intrarectally and instilling 1 ml of dialysis buffer, the tube was withdrawn and the dialysate transferred to an Eppendorf tube. Volume was measured gravimetrically and the sample was frozen at Ϫ 20 Њ C until the assay for 6-keto PGF 1 ␣ was performed. Immediately after removing the dialysis tube, a laparotomy was performed and a blood sample was drawn from the descending aorta for determination of whole blood thromboxane synthesis, as described previously (21) . Thromboxane B 2 levels in serum from 1-ml blood samples were measured using a specific ELISA assay. As platelets are the predominant source of thromboxane synthesis, and only contain the COX-1 isoform (2, 3), this assay served as an index of inhibitory effects of the test drugs on COX-1 activity. Levels of 6-keto PGF 1 ␣ in the colonic dialysates were measured using a specific ELISA, as described previously (20) .
In separate experiments, in vivo colonic dialysis was performed using healthy rats, and the effects of pretreatment with diclofenac (10 mg/kg) or L745,337 (5 mg/kg) vs. vehicle were determined ( n ϭ 6 per group).
COX mRNA determinations. Colonic COX-1 and COX-2 mRNA expression was measured using reverse transcriptase polymerase chain reaction (RT-PCR). Samples of the distal colon (full thickness) were taken from rats at 24 and 72 h, 1 and 2 wk after intracolonic administration of saline or TNBS. Additional experiments were performed using rats 72 h after induction of colitis ( n ϭ 6) and healthy control rats ( n ϭ 6) in which the tissue samples were divided along the submucosa, thereby yielding a "mucosal" and a "muscularis" sample. The tissue samples were immediately frozen in a 50% (wt/ vol) guanidinium solution containing 26.4 mM sodium citrate (pH 7.0), 0.528% sarcosyl, and 0.0072% ␤ -mercaptoethanol. For each 100 mg of tissue, 1 ml of the guanidinium solution was used. Total RNA was isolated using the acid guanidinium isothiocyanate method, as described previously (22) .
To address the problems associated with substrate competition while simultaneously monitoring multiple mRNAs within the same sample, the primer-dropping method was employed (23) . The gene for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control (23) . Briefly, 1 g of RNA from each sample was reverse transcribed at 42°(C using Superscript RNase H Reverse Transcriptase and the appropriate reaction mixture (containing 2 l 10 ϫ PCR buffer, 2 l 10 mM dNTP stock, and 2 l N 6 random hexamer stock). The enzyme was then deactivated by heating the samples to 95 Њ C for 10 min. After the reaction, 2 l of cDNA was mixed with 2 l 2 mM dNTP stock and 2 l 10 ϫ PCR buffer. 2 l of the upstream primer ( ‫ف‬ 1 pmol) and 2 l of the downstream primer ( ‫ف‬ 1 pmol) for rat COX-1 or COX-2 were then added to each tube.
DNA amplification was carried out under the following conditions: denaturation at 94 Њ C for 1 min, annealing at 55 Њ C for 30 s, and extension at 72°(C for 1 min. To ensure complete denaturation of the DNA with no background polymerase activity, Taq DNA polymerase was added to the PCR mixture during the hot start of cycle 1. Preliminary trials indicated that coamplification of COX-1 and COX-2 with GAPDH was optimal if the COX-1 gene was amplified for 29 cycles, the COX-2 gene for 30 cycles, and the GAPDH gene for 20 cycles (data not shown). Hence, the GAPDH upstream and downstream primers were added to the PCR mixture during the hot start of cycle 10 for COX-1 reactions and during the hot cycle of cycle 11 for COX-2 reactions.
After separation of the PCR products on a 2% agarose gel containing ethidium bromide, a Polaroid picture of the gel was taken under ultraviolet light. Using a densitometer and National Institutes of Health software, quantities of each product were normalized according to control levels of GAPDH, and expressed as densitometry units.
The COX-1 and COX-2 RT-PCR products were made using primers designed according to the published sequence for the rat enzymes (24) (25) (26) . The COX-1 primer sequences were as follows: upstream, 5 Ј -CCTTCTCCAACGTGAGCTACTA-3 Ј ; downstream, 5 Ј -TCCTTCTCTCCTGTGAACTCCT-3 Ј . The expected length of this PCR product was 1,036 bp. The COX-2 primer sequences were as follows: upstream, 5 Ј -AGACAGATCATAAGCGAGGAC-3 Ј ; downstream, 5 Ј -CACTTGCATTGATGGTGGCTGT-3 Ј . The expected length of this PCR product was 1,158 bp. The GAPDH RT-PCR product was made using primers described previously (23) .
COX immunohistochemistry. Tissues from control ( n ϭ 3) and colitic ( n ϭ 3) rats were fixed by immersion in Zamboni's fixative overnight at 4 Њ C. After fixation, they were washed in PBS, (pH 7.4) and processed for indirect immunofluorescence as either wholemount preparations of longitudinal-muscle/myenteric plexus or submucosa (whole mounts), or as cryostat sections (12 m). Sections or whole mounts were incubated in primary antibodies for 48 h at 4 Њ C. Primary antibodies raised in rabbit against a peptide sequence from the human COX-1 or COX-2 enzymes (27) were used alone (1:500) or after preincubation with 100-2,000 ng/ml of recombinant human COX-1 or COX-2 as preabsorption controls. After washing (PBS, 3 ϫ 10 min), tissues were incubated for 1 h at room temperature with sheep anti-rabbit IgG conjugated to CY3 (1:200; Sigma Chemical Co., St. Louis, MO). Tissues were then washed again (PBS, 3 ϫ 10 min) and mounted in bicarbonate-buffered glycerol (pH 8.6). Tissues were viewed under epifluorescence with a microscope (Axioplan; Carl Zeiss, Inc., Thornwood, NY) and photographed using TMax 400 ASA black and white film (Eastman Kodak Co., Rochester, NY).
Statistical analysis. All data are expressed as the mean Ϯ SEM. Comparisons among groups of data were made using a one way analysis of variance followed by a Student-Newman-Keuls test. Rates of mortality among treatment groups were compared using the Fisher's Exact test. With all analyses, an associated probability ( P value) Ͻ 5% was considered significant. . Each group consisted of four to six rats. **P Ͻ 0.01, ***P Ͻ 0.001 compared with the healthy control rats killed on the same day as the colitic rats. , COX-1; , COX-2.
binant human COX-1 and -2 and the antibodies directed against COX-1 and -2 were generously provided by Drs. C.C. Chan and I. Rodger of Merck-Frosst Therapeutic Research Centre (Montreal, QC, Canada). COX-1, COX-2, and GAPDH primers were synthesized by University Core DNA Services (University of Calgary, Calgary, AB, Canada).
Results
The colitis induced by TNBS has been described in detail previously (15, 20) , and the macroscopical and histological appearance of the colitis induced in this study were similar to these previous descriptions. Briefly, transmural inflammation of the distal colon with ulceration extending to the depth of the muscularis propria was consistently observed. Granulocyte and lymphocyte infiltration was extensive, with granulocytes (primarily neutrophils) being heavily concentrated in the tissue surrounding sites of ulceration. This infiltration was evident at all time points studied (24 h-2 wk post-TNBS), with the greatest infiltrate observed at the 72-h time point, corresponding to the previously reported peak in tissue myeloperoxidase activity (15, 20) .
COX-1 and COX-2 mRNA expression. After induction of colitis, COX-1 mRNA expression was not significantly altered relative to controls at any of the time points examined (24 h-2 wk post-TNBS). On the contrary, COX-2 mRNA expression was significantly elevated at all four time points examined (Fig. 1) . The highest levels of expression were observed at the earlier time points (24 and 72 h), where COX-2 mRNA expression was elevated four-to sixfold over control levels. COX-2 mRNA expression decreased thereafter.
At 72 h after induction of colitis, the expression of COX-2 mRNA occurred predominantly in the mucosal layer (386.9 Ϯ 66.8% of control levels; P Ͻ 0.01). However, expression of COX-2 mRNA in the muscularis propria was also significantly elevated above control levels (173.1 Ϯ 17.5%; P Ͻ 0.05).
COX-1 and COX-2 immunohistochemistry. As the greatest change in COX-2 mRNA expression occurred at 72 h after induction of colitis, immunohistochemical studies were focused at that time point. Liquid-phase preabsorption with 100-500 ng/ml of human recombinant COX-1 or COX-2 completely abolished staining of resident or infiltrating cells immunoreactive for these enzymes. Muscle staining with COX-2 was virtually abolished at 500 ng/ml, and completely abolished at 2,000 ng/ml. These results suggest that the localization of the enzymes was specific and that different tissues have variable amounts of the enzymes. In no cases was staining observed in colonic epithelial cells, or enteric nerves with either antibody.
In tissues from control rats, COX-1 immunoreactivity was found only in a population of cells in the lamina propria of the colonic mucosa (Fig. 2) . No staining was observed in muscle or blood vessels. The labeled cells were distributed and had a density similar to that of mucosal mast cells; however, further studies would be required to confirm these as the source of COX-1 in the normal colon. In inflamed tissues, there was some diffuse staining in the submucosa, associated with the marked infiltration of inflammatory cells (Fig. 2) . There was also intense labeling in very small, punctate cells in the colonic lumen and attached to the mucosal surface. Based on their size and location, these cells appeared to be bacteria. However, subsequent studies in which RT-PCR for COX-2 was performed on samples of bacteria harvested from the colonic lumen yielded negative results, suggesting that either the immunoreactive cells were not bacteria, or that the staining of bacteria with anti-COX-2 was nonspecific.
In tissues from control rats, no specific COX-2 immunoreactivity was observed (Figs. 2 and 3) . In inflamed tissues, in- tense COX-2 immunoreactivity was observed in both sections and whole mounts in longitudinal and circular smooth muscle, infiltrating cells in the submucosa, blood vessels, and bacteria associated with the inflamed mucosa (Figs. 2 and 3) . With respect to the blood vessels, staining was apparent in the endothelial lining as well as cellular exudates containing leukocytes (Fig. 2) . The nature of the infiltrating cells in the submucosa was not fully determined. However, at least some were macrophages based on double-labeling immunohistochemistry with an antimacrophage monoclonal antibody (data not shown). Double labeling with a specific neuronal marker (protein gene product 9.5) revealed that COX-2 immunoreactivity was not found in nerves within the rat colon.
Immunohistochemical staining was also performed using tissues taken at later times after induction of colitis. At 7 d post-TNBS, COX-2 immunoreactivity was still evident, but at lower intensity than that seen at 3 d. By 14 d after induction of colitis, staining for COX-2 was not apparent in sections or whole mounts.
Colonic prostaglandin synthesis: effects of selective COX-2 inhibition. Basal colonic synthesis of 6-keto PGF 1␣ , as measured by in vivo colonic dialysis, averaged 1.8Ϯ0.3 ng/ml in healthy control rats. Prior administration of the selective COX-2 inhibitor, L745,337 (5 mg/kg), had no significant effect on basal colonic prostaglandin synthesis (1.7Ϯ0.7 ng/ml). However, pretreatment with diclofenac (10 mg/kg) reduced basal colonic prostaglandin synthesis by ‫ف‬ 50% (0.9Ϯ0.2 ng/ ml, P Ͻ 0.05).
In rats with colitis, colonic 6-keto PGF 1␣ synthesis was elevated ‫ف‬ 25-fold above that observed in healthy rats (Fig. 4 A) . A single oral administration of diclofenac (10 mg/kg) or L745,337 (5 mg/kg) resulted in significant reductions in colonic 6-keto PGF 1␣ synthesis (39 and 53%, respectively), while a lower dose of L745,337 (1 mg/kg) had no significant effect (data not shown).
Measurement of whole blood thromboxane synthesis from the same animals used in the colonic dialysis studies provided an index of COX-1 suppression. L745,337 did not significantly affect thromboxane synthesis (Fig. 4 B) , indicating that it did not affect COX-1 at the doses tested. In contrast, diclofenac inhibited thromboxane synthesis by Ͼ 92% (P Ͻ 0.001).
Effects of COX inhibitors on colonic damage and mortality. Mortality in colitic rats treated twice daily with vehicle occurred in only 4 of 30 rats (13%). In each case, necropsy revealed perforation of the distal colon with peritonitis. In rats treated twice daily with diclofenac, mortality was not observed over the first 6 d of the study, but thereafter, deaths occurred frequently (Fig. 5 A) . By the end of the 2-wk study period, 86% of the rats in this group had died (P Ͻ 0.0001 compared with mortality in the vehicle-treated rats). Invariably, necropsy revealed perforation of the distal colon, peritonitis, and, in many cases, massive adhesions between the colon and other abdominal tissues. A significant increase in mortality, related to colonic perforation, was also observed in the rats treated with naproxen. Mortality in rats treated with aspirin (20%) did not differ significantly from that observed in vehicle-treated rats.
Treatment of colitic rats with the moderately and highly selective COX-2 inhibitors also resulted in significant increases in rates of mortality. As shown in Fig. 5 B, a majority of rats treated with nabumetone (25 mg/kg), etodolac (10 mg/kg), or L745,337 (5 mg/kg) died before completion of the 14-d study period. With these doses of etodolac and L745,337, the rates of mortality reached 100%. The lower dose of L745,337 (1 mg/kg) did not increase mortality above that seen in vehicle-treated rats (1 of 5 died), while in rats treated with nabumetone at 75 mg/kg or etodolac at 50 mg/kg, the rates of mortality were 47 and 100%, respectively. Again, the deaths of rats in these Figure 4 . Effects of diclofenac and L745,337 on colonic prostaglandin synthesis (A) and whole blood thromboxane synthesis (B). Colonic prostaglandin synthesis was measured by in vivo colonic dialysis and measurement of 6-keto prostaglandin F 1␣ concentrations. Thromboxane synthesis by whole blood was measured as an index of the inhibition of COX-1 by the test drugs. These studies were performed using rats (n ϭ 5 per group) 72 h after induction of colitis. Dialysis was performed over a 1-h period beginning 2 h after administration of the test drugs. Blood was taken for thromboxane measurement at the end of the dialysis period. *P Ͻ 0.05, ***P Ͻ 0.001 compared with the vehicle-treated group.
groups was invariably associated with perforation of the distal colon.
The low number of animals surviving until the end of the study period precluded a comparison on the severity of colonic damage among the treatment groups. For this reason, a separate series of studies was performed in which the rats (n ϭ 5 per group) were killed after 3 d of drug administration and the colonic damage was scored (macroscopically and histologically). For these studies, only vehicle, diclofenac (10 mg/kg), L745,337 (5 mg/kg), and nabumetone (75 mg/kg) were compared. As shown in Fig. 6 A, all three of the test drugs significantly increased the colonic damage score above that observed in vehicle-treated rats. No deaths occurred over the course of Figure 5 . Survival of colitic rats (n Ն 10 per group) treated twice daily for 1 wk with standard NSAIDs (A) or selective COX-2 inhibitors (B). The rates of mortality were significantly greater with all test drugs except aspirin, compared with that observed with vehicle (P Ͻ 0.01; Fisher's Exact test). Colitis was induced on day 1. The test drugs were administered on days 1 through 7. Figure 6 . Effects of treatment with vehicle, diclofenac, L745,337, or nabumetone on macroscopic (A) and histological (B) colonic damage in rats with colitis. The test drugs were administered 3 h before and every 12 h after induction of colitis. The rats were killed 72 h after induction of colitis for assessment of colonic damage. Macroscopic scoring involved blind assessment of severity of damage using criteria described in detail in Table I . Histological assessment involved blind measurement of the extent of ulceration as a percentage of the total length of surface epithelium. Each bar represents the meanϮSEM for five rats per group. *P Ͻ 0.05, **P Ͻ 0.01 compared with the vehicletreated group. this study. Fig. 6 B summarizes the results of the histological evaluation, which demonstrated that all three test drugs significantly increased the extent of ulceration.
In addition to increasing the severity of colonic injury, the incidence of diarrhea increased from 40% (2/5) in the vehicletreated group to 100% in the groups treated with diclofenac, L745,337, and nabumetone. Hematocrit was significantly reduced in diclofenac-treated rats relative to vehicle-treated (25.8Ϯ1.6 vs. 47.0Ϯ0.4, respectively, P Ͻ 0.001), but not in the other groups (L745,337, 49.6Ϯ1.5; nabumetone, 51.2Ϯ1.2). Granulocyte infiltration into the colon (tissue MPO activity) was not significantly affected by any of the test drugs (vehicle, 16.1Ϯ2.9 U/mg; diclofenac, 15.4Ϯ3.4 U/mg; L745,337, 25.9Ϯ4.9 U/mg; nabumetone, 19.3Ϯ4.2 U/mg).
Discussion
In this study, we have demonstrated that in experimental colitis there is a marked elevation of the expression of mRNA for COX-2 but not COX-1, an increase in the levels of COX-2 (but not COX-1) enzyme within the colonic tissue, and an increase in prostaglandin synthesis by the colon, which appears to be largely derived via COX-2. Furthermore, the prostaglandins derived from COX-2 appeared to play a key role in the maintenance of mucosal integrity, since administration of three drugs with moderate to high selectivity for inhibiting COX-2 significantly exacerbated the severity of colonic injury in experimental colitis. Continued twice-daily administration of these compounds for a week resulted in perforation of the colon, leading to death in a substantial portion of the animals.
While suggested to exist as long ago as 1972 (28), an inducible isoform of cyclooxygenase was only identified in 1991 (29) . Since that time, a considerable amount of evidence has been generated to support the hypothesis that COX-2 is expressed at sites of inflammation and is a major contributor to the prostaglandin synthesis occurring at those sites (5) (6) (7) (8) . While COX-1 is constitutively expressed in many tissues, it can also be induced under certain conditions, including in response to interleukin-1 (30) . On the other hand, COX-2 is induced in noninflammatory conditions in some tissues (e.g., cerebral cortex, endometrium, or fetal tissue) (31) (32) (33) . The focus of the present study was the possibility that COX-2 expression would be elevated in the colon after induction of an inflammatory response. While there are low levels of mRNA for COX-2 detectable in the normal colon of the rat, we could not detect COX-2 protein. Moreover, COX-2 did not appear to contribute to basal prostaglandin synthesis by the colon of normal rats, since administration of the highly selective COX-2 inhibitor, L745,337, had no effect on prostaglandin generation in this situation. Our results are consistent with those of DuBois et al. (34) and Gustaffson-Svärd et al. (35) , who showed COX-1 and COX-2 mRNA expression in the normal rat colon (the latter at low levels). Low or undetectable levels of COX-2 mRNA expression in human colon have also been reported (35) (36) (37) . Interestingly, elevated expression of COX-2 in the colon has been demonstrated in human colorectal cancer and in experimental models of colonic adenocarcinoma (34) (35) (36) (37) . While there have been recent preliminary reports of elevated COX-2 mRNA expression in experimental colitis (38, 39) and human IBD (40), we believe that the present study represents the first report of increased COX-2 protein and COX-2-derived prostaglandin synthesis in the context of colitis.
Highly selective inhibitors of COX-1 activity in vivo are not yet available, so it is difficult to determine the precise contribution of COX-1 vs. COX-2 to prostaglandin synthesis by a tissue. However, from the data on suppression of colonic prostaglandin synthesis by diclofenac and L745,337 presented in the present study, it is possible to deduce that the majority of prostaglandins produced in animals with colitis were derived from COX-2. The highly selective COX-2 inhibitor, L745,337, had no effect on COX-1 at the dose used, as demonstrated by its failure to inhibit thromboxane synthesis. The failure of L745,337 to affect basal prostaglandin synthesis by the colon suggests that COX-1 accounted for all of this synthesis, consistent with the immunohistochemistry demonstrating no detectable COX-2 expression, along with the RT-PCR data showing only trace expression of COX-2 mRNA. The 53% reduction by L745,337 of prostaglandin synthesis in colitic rats suggests that at least this proportion of inflammation-associated prostaglandin synthesis was derived from COX-2. This deduction is consistent with the demonstration of marked upregulation of COX-2 protein and mRNA expression, with little or no change in COX-1 expression. It is interesting that the same dose of L745,337 produced a comparable percent reduction of carrageenan-induced paw edema in the rat, and this was attributed by the authors of that study to suppression of COX-2 by the compound (7) .
The ability of moderate to highly selective COX-2 inhibitors to significantly exacerbate colonic injury in the TNBS model suggests that prostaglandins derived from COX-2 are beneficial in the setting of colonic inflammation. There is a strong body of evidence to suggest that prostaglandins do exert antiinflammatory and mucosal protective effects in experimental colitis. For example, exogenous prostaglandins can reduce the severity of colitis in the TNBS model and in other models of colitis (20, 41, 42) . Prostaglandins are capable of reducing the production of reactive oxygen metabolites (43) and a number of inflammatory mediators suggested to contribute to the pathogenesis of human IBD and experimental colitis, including leukotriene B 4 and TNF␣ (44, 45) . In a previous study using this model, we reported that the exacerbation of colonic injury by NSAIDs was not accompanied by elevated production of leukotriene B 4 , nor was it prevented by inhibition of leukotriene synthesis (14) . While NSAIDs have been shown to elevate TNF␣ release (45) , the contribution of this cytokine to NSAID-induced exacerbation of colonic damage has not been examined. However, given the considerable evidence supporting a role for TNF␣ in the pathogenesis of human IBD, particularly Crohn's disease (46, 47) , this question warrants further study. Prostaglandins can also reduce leukocyte adherence to the vascular endothelium, while NSAIDs have been shown to increase such adhesive interactions in the mesenteric microcirculation (48) . However, administration of standard NSAIDs or selective COX-2 inhibitors did not significantly affect the extent of mucosal granulocyte infiltration, as measured by tissue myeloperoxidase activity, so it seems unlikely that this is the underlying mechanism for exacerbation of injury by these agents.
Much of the mortality observed in this study occurred subsequent to cessation of treatment with NSAIDs or COX-2 inhibitors. This is consistent with the time frame of mortality in our previous studies of other NSAIDs (14, 18) and is likely related to the continued presence of the NSAID in serum for many hours or days after treatment was ceased. Also, it is pos-sible that suppression of prostaglandin synthesis initiated a chain of events that led to perforation of the colon and death; but once initiated, this chain of events was irreversible even though NSAID administration had been discontinued. The observation that the drugs with selectivity for COX-2 induced mortality at higher rates than was observed with standard NSAIDs (which are more selective for COX-1 than COX-2) suggests that inhibition of COX-2 may have been the underlying cause of the exacerbation of injury and the mortality. In the future, the availability of highly selective inhibitors of COX-1 may help to clarify whether or not this is the case.
Given that the inflammatory infiltrate in the TNBS model of colitis is transmural, it is not surprising that mRNA for COX-2 would be elevated in both the mucosa and the muscularis propria, nor that there would be a greater increase in the former than the latter. However, we did not anticipate so strong an expression of COX-2 protein in the muscularis propria of the inflamed colon as was observed in this study. As prostaglandins have well characterized effects on smooth muscle, it is possible that prostaglandins produced from COX-2 expressed in the muscularis contribute to the altered motility that occurs in colitis.
These results, if extendable to humans, bring into question the proposal that highly selective inhibitors of COX-2 will be "gastrointestinal sparing." While in experimental models involving healthy animals these compounds have proven to cause markedly less gastrointestinal injury than standard NSAIDs (6) (7) (8) , no previous study has examined the effects of these compounds in a setting of preexisting intestinal inflammation. Until such a time as selective COX-2 inhibitors have been adequately assessed in human conditions characterized by mucosal inflammation (e.g., IBD or H. pylori-associated peptic ulcer), caution should be exercised when regarding these compounds as "gastrointestinal safe."
